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The Need for Research in

Electronics Assembly Technology

Herbert T. Bandy

Automated Production Technology Division

Center for Manufacturing Engineering

National Institute of Standards and Technology

Gaithersburg, MD 20899

Abstract— The National Institute of Standards and Technology assisted the Harry

Diamond Laboratories in an effort to develop plans for a new program of research in

electronics assembly technology. The need for research was investigated in the domains

ofprecision engineering, system integration and process control. Rather than engineering

design problems, the emphasis was on principles, techniques and standards that could

help eliminate obstacles to widespread adoption of state-of-the-art technology in assembly

plants. Current popular assembly methods as well as emerging new trends were studied.

Research projects are recommended in the areas of (1) flexibility of equipment, (2)

precision handling ofcomponents, (3) equipment interfaces, (4) equipmentprogrammabili-

ty, and (5) statistical process control.

Introduction

The Harry Diamond Laboratories (HDL),
a research agency of the United States

Army, is identifying projects and subjects

to be addressed as part of a new pro-

gram. The aim of the program is to

advance the state of the art in areas

concerning automated assembly of elec-

tronics for military applications. The
Automated Production Technology Divi-

sion at the National Institute of Stan-

dards and Technology (NIST) is working

in conjunction with HDL, and is primarily

concerned with precision engineering,

system integration, and process control.

The initial efforts in this program were to

gather information on current problems

and trends, to investigate the need for

research in the stated areas. NIST par-

ticipated in this phase of the program by

means of literature searches, plant visits

and discussions with personnel in indus-

try, universities, and government agen-

cies. This report is an overview of the



findings and recommendations in the

NIST areas of concern. Statements of

significant conclusions from this investiga-

tion will be shown in italic type through-

out this report.

Several electronics assembly plants were
visited, and still others were studied

through interviews with plant managers

and reviews of reports. The main pur-

pose of the plant studies was to identify

technological problems that might be

solved through research. Since certain

plant managers granted interviews only

after being assured that information

regarding their company circumstances

and strategies would not be made public,

this report does not identify plants by

name. However, the basic plant descrip-

tions necessary for understanding points

made in this report are provided in Ap-
pendix B.

Shortcomings of Currently

Available Technology

New technological advances are always

needed to fill the gaps that discourage

widespread use of available technology,

as well as to enable steps to be taken to-

ward even further developments. Thus,

regardless of the state of the art, re-

search is always important.

The Current Need for Research

New problems in electronics assembly

have arisen with recent technology. For

high-density leaded components, for

example, processes for lead forming, sol-

dering, repairing, and conformal coating

are among the areas that must be ac-

commodated with new technological de-

velopments. Leadless surface mount
technology (SMT) component carriers

having 20-mil (a "mil" is 0.001 inch), 15-

mil and even 10-mil spacing between pad

centers present new bonding challenges.

Although some research is being done in

these and similar areas, solutions are

elusive, and much is left to be done.

Plant H, for example, is working on
particular problems involving the assem-

bly of 120- and 240-lead SMT devices

with 20 and 25 mils between lead centers.

Although experiments succeed in assem-

bling 20-mil center devices, so far they do
not succeed in meeting the military speci-

fications that require "no overhang."

Modernization does not necessarily imply

automation. Although there are several

arguments against extensive automation

(to be discussed later), the solutions to a

good deal of assembly problems do re-

quire automation. High-density packages

such as those mentioned above cannot be

assembled reliably by hand due to their

need for precise locating and placing.

Assembly robots in experiments at Plant

H require the guidance of a vision system

to line up high-density packages with

mounting pads. Perhaps the best argu-

ment in favor of automation is that quali-

ty can be controlled by controlling the

processes used in the factory, and process

control works well with automated pro-

cesses.

Inspection and rework are largely done

manually only because automated tech-

niques are not sufficiently reliable. Plant

D does 100% visual inspection of every

solder joint. Most boards produced there

have 2000 or more joints per side, and

the few defects that are typically found

per side are re-soldered manually.

A well-automated facility should be capa-

ble of assembling products on demand,

thus allowing significantly reduced inven-

tories. Large inventories reduce the re-

turn on a product. Managers at Plant E
say that 30% of the value of the product
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per year is the cost of storing, and that

any strategy to reduce inventories is

worth serious consideration.

Although many plant managers believe

that automation is a good idea, they do

not always find a desirable degree of

automation achievable. Plant D person-

nel believe that more automation of their

facilities and procedures would result in

better efficiency. But they cannot afford

the investment of time (or money; see

the section on "Other Issues") that mod-
ernization would require, and they feel

that the current operations are efficient

enough. They say that they look forward

to direct loading of computer-aided de-

sign (CAD) data into automatic insertion

equipment because it would minimize the

possibility of error and eliminate the

need for planning certain processes. But

a consequence of this particular change

will be a dependency on CAD, which

most of their operations are not ready

for.

Bottlenecks to Automation

It seems that after a certain level of

automation is reached in any facility, the

benefit of further automation is question-

able at best. After that level has been
achieved, the more automated a facility

becomes—that is, the less the need for

human participation in the operation of

the facility—the greater the cost with

respect to any benefit. At Plant H, the

philosophy on this issue is worded, "Do
not automate assembly for automation’s

sake." There are situations where manual
processes make more sense.

At Plant J only about 60% of assembly is

automated—where it is cost-effective.

Sometimes it is more feasible to perform
certain tasks manually even though avail-

able automated facilities are capable of

accomplishing the tasks. Some automatic

equipment, the component insertion

equipment for example, is used only when
the volume of production is great enough
to amortize the setup expense. And even

though testing is 95% automated, the

determination of the problems that cause

boards to fail tests requires human proce-

dures and judgement.

The Plant F staff have scaled back plans

for automation of their printed wiring

assembly facility because more use of

robotics means more expense, more mate-

rials handling challenges and more diffi-

culty with process planning. The revised

plans will assign a human operator to

each of the facility workstations.

Since this trend of diminishing benefit

with increasing automation is so common,
is advanced automation an unimportant

area for research? In some cases, rea-

sons for limiting automation may be

absolute consequences of general manu-
facturing principles. But in certain cases,

arguments against automation are valid

only in the context of the current state of

the art, and may be rendered baseless by

new research. Research needs to identify

the cases in which certain technological

constraints, and not any natural laws, are

responsible for the prevalence of this

trend, and to discover how to manipulate

such constraints.

When any production facility is to be

modernized, it is commonly expected that

automation will beget higher profits

through better quality, faster throughput,

greater machine utilization, and lower

work-in-process inventory. Among the

reasons that these expectations are sel-

dom met, however, are (1) these technol-

ogies are not well understood; (2) in-

tegration is more difficult than originally

thought; (3) increased flexibility leads to

more complex control problems; and (4)

current scheduling strategies are inade-
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quate to deal with the problems created

by this new, dynamic manufacturing envi-

ronment. Research in these key areas

can open the way to make the goals of

modernization more achievable through

automation.

Equipment Interfaces

Some modern plant configurations have

assembly equipment controlled by a cen-

tral computer, or cell controller. Plant J

considers the information transfer system

to be the most important part of the

plant. For a plant to adapt to such a

style of operation, a major issue to re-

solve is the kinds of hardware and soft-

ware interfaces to be used between
equipment and controllers. Requirements
for interfacing differ depending on the

equipment and computers between which

communication is desired. RS-232 hard-

ware connections are common, but far

from universal. Furthermore, software

—

not only communications protocols, but

also data formats—is unique to the combi-

nation of equipment being linked.

Various data interchange format stan-

dards are currently under development,

such as EDIF (Electronic Design Inter-

change Format), VHDL (VHSIC Hard-

ware Design Language), PDES (Product

Data Exchange Specification), IGES
(Initial Graphics Exchange Specification)

and the IPC (Institute for Interconnect-

ing and Packaging Electronic Circuits)

D35x series. The scope of each overlaps

with others, and harmonization meetings

to resolve the situation are in progress.

Several interface standards, covering, to

various extents, hardware and software,

are also under development. Included

are the SEMI Equipment Communica-
tions Standard (SECS; see Figure 1), the

Manufacturing Automation Protocol

(MAP) and the Technical and Office

Protocol (TOP).

PR-iMTE^

FIGURE 1: Typical host-controlled assembly line topology using the SECS protocol.
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Plants with integrated facilities have

found that these standards, in their exist-

ing forms, may be helpful to a certain

extent, but that each task of interfacing

their equipment has had needs that re-

quired original solutions. Custom inter-

faces for each situation often lead to

further integration difficulties. Plant en-

gineers express a desire for comprehen-

sive interface specifications in the near

term, even if they may be more narrow in

scope than the long term standards that

are currently under development.

Equipment Programmability

At many modern facilities, as much
equipment programming as possible is

done off-line, as an alternative to the

process-disruptive procedures of teach-

programming. According to several plant

managers, programming the flexible auto-

mated equipment is often the aspect of

adapting it to different tasks that is

found to be most difficult and time-con-

suming. When the managers of a facility

meet this obstacle, it is not only infeasi-

ble to consider more extensive automa-

tion, but it is reasonable to wonder
whether the current level of automation

should be scaled back. In some cases the

off-line programming is so cumbersome
that it nearly offsets the benefit of having

automated equipment. The problems of
programmability are a barrier to automa-
tion.

A reason for programming difficulty is

that, since the program code for the last

task must typically be replaced entirely,

regardless of its similarity to the require-

ments for the next task, a completely new
program must be developed for each

application. Programming procedures are

commonly too complex. As much soft-

ware as possible should be saved from
one application to another; code should

be ported across application boundaries.

A "permanent," formal means of ensuring

completeness should also be available.

If a general system for significantly sim-

plifying the programming of automated

equipment were developed, implementation

of further advancements in facility auto-

mation would become more practical.

Statistical Process Control

Statistical process control (SPC) is an

approach to monitoring processes and

controlling key variables to ensure that

measures of output quality are within

acceptable limits. Among the benefits of

SPC are reduced scrap and rework, high-

er yields, higher quality and lower inspec-

tion costs. But most importantly, SPC
provides a baseline measurement of a

process from which operators can detect

when and where non-random variations

occur.

Unfortunately, for electronics assembly,

parameters to be measured for SPC seem
to be poorly understood, and measure-

ment techniques are not well developed.

Several plants studied claim to be using

SPC, but are not. Some are practicing

statistical quality control, but concern

themselves only with attributes of com-
pleted assemblies rather than process

variables; and others collect in-process

data for later analysis, but do not actually

control any processes on the basis of data

collected.

Although SPC is not a new practice, it

has mainly been applied to fabrication of

parts rather than assembly of parts; and

also, more to mechanical products than

electronics. Assembly of electronics is

obviously a crucial area in the production

of technological goods. Since quality

control is a serious problem in electronics

assembly, there is much to be gained
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through the widespread successful use of

SPC.

Where SPC programs have been applied

in U.S. industry, they are often found

lacking; commonly due to (1) misunder-

standing of the objectives that were
intended for statistical control charts, (2)

similar approaches and techniques to-

wards the control of short runs that are

only valid for high-volume production and

vice-versa, and (3) lack of suitable tech-

niques providing adequate interpretation

of statistical estimates. Many quality

managers, engineers and inspectors are

unaware of the limitations of convention-

al methods of SPC charting and the

likelihood of erroneous data representa-

tion and interpretation. Classification,

terminology and definitions in the area of

SPC applied to electronics assembly

operations are still very obscure. These
are problems encountered by personnel

who have implemented some sort of SPC

system; however, it is much more com-
mon that an SPC program is desired, but

never begun because of more basic prob-

lems such as what factors to monitor,

how to measure them, how to determine

meaningful control limits, etc.

While SPC may be used to keep a pro-

cess under control, it does not engineer

quality into the process. There is a need
to optimize processes before SPC is

implemented, so that the need for pro-

cess corrections is minimized. To design

processes that are robust to external or

uncontrollable sources of variation, more
assembly plants need to apply methods of

experimental design. These methods are

used to determine where the controllable

variables of a process should be set so

that the quality characteristic (see Figure

2) is centered at the nominal dimension

and has minimum variability from product

to product, regardless of the levels taken

on by the uncontrollable input variables.

controllable factors

uncontrollable factors

2: Schematic representation of a process. Sets of controllable and uncontrollable factors (inputs)
interact to produce a response (output)—a functional or quality characteristic of the end product. Experimental
design methods may be used to determine the values of Xj, X2, ..., Xp which yield the optimum value of y.
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Many SPC training and educational pro-

grams are dedicated only to basic statisti-

cal procedures, not to assembly-related

statistical knowledge. But implementa-

tion problems are not due as much to a

lack of understanding quality-control

statistics as they are to understanding

how to use them effectively. There is a

very clear need for practical guidelines

which are specific to electronics assembly.

Other Issues

Managers of several plants explained a

number of barriers to facility moderniza-

tion that dealt with practical require-

ments of the transition rather than with

technical issues. For example, consider

the portion of Plant D operations which

is sustained by cycles of one-year govern-

ment contracts. The plant cannot risk

making a contract bid that includes the

cost of facility improvements which are

not specified in the contract. Therefore,

the plant can afford to modernize its

operations only if the required time and
money are provided by contract. Howev-
er, even though the responsible govern-

ment personnel agree that modernization

is a good idea, they never consider it

important enough to write the necessary

provisions into the contracts. The exis-

tence of such problems is important to

note even though, being outside the

scope of the HDL program, they will not

be discussed here; but strategies to over-

come such obstacles must be devised

before it will be realistic to expect wide-

spread adoption of recommendations to

upgrade plant operations.

Suggested Research Areas

In the cases of the most modern plants

studied, the implemented solutions to

problems in such areas as precision han-

dling of components, equipment program-

mability and equipment interfaces were
unique and, usually, applicable only to

their very specific situations. Still, many
related problems remain even in those

situations, and most importantly, general

methodology for such capability is need-

ed. Several research recommendations
involving the most prominent problems in

the NIST areas of concern will now be

listed.

Flexibility of Equipment

Perhaps there are some fundamental

reasons why assembly equipment is not

more flexible. If so, research should aim
to overcome such obstacles to flexibility.

The more flexible the capabilities of any

item of equipment, the more desirable

the equipment is. Having more flexible

equipment minimizes the need for many
separate items of equipment, some of

which would likely be under-utilized.

Machines with the possibility, and for

which assembly plant engineers express

the desirability, to acquire additional

functionality should be identified. Barri-

ers to flexibility should be studied with the

intention of integrating additional technol-

ogy, new or existing, to adapt particular

machines to performing functions that

were previously found only on multiple

machines. Experiments must be per-

formed on prototypes to demonstrate the

feasibility of the principles.

Precision Handling of Components

Research is necessary to develop innova-

tive applications of machine vision for

assembly and test. Vision systems allow

more precise handling of components.

Better precision is required for at least

two reasons:

7



• high-density packages present new
problems with lead forming and assem-

bly; and

• off-line programming requires that au-

tomated insertion of components be

done precisely.

Because it is necessary for a satisfactory

degree of automation, off-line program-

ming is strongly preferred over teach

programming. If more effective vision

(or other) techniques allow precise locat-

ing and placing of components without

advance experimentation, then more
equipment can be developed with the

ability to be programmed off-line, and a

higher level of automation is more feasi-

ble.

Machine vision techniques resulting from

recent research must be experimentally

adapted to prototype pick-and-place

machines.

Equipment Interfaces

There is a great need for software interface

standards for electronics assembly equip-

ment. It seems probable that hardware

interfaces are being sufficiently addressed

by existing efforts.

NIST has been cooperating with Microe-

lectronics Computer-Integrated Manufac-
turing (MICROCIM), a Navy program, in

the development of a uniform specifica-

tion to communicate data between any

computerized process equipment and a

local computer which controls equipment
operations. (See Figure 3.) The objec-

tive of the project, called Communica-
tions Protocol for Microelectronics CIM
(informally called Meet-in-the-PC), is to

overcome the current shortcomings of

MAP/TOP, SECS, and other available

interface standards by creating a near-

term interim standard intended to con-

verge with and be superceded by national

standards (such as MAP/TOP).

FACTORY COMPUTER(S)
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Although this effort is already under way,

much of the emphasis so far has been on
hardware and electrical interfaces, and

the software solutions will require cre-

ative contributions of many parties over

a long period of time.

Equipment Programmability

A proposed solution for the problem of
programmability is the development of a

very high-level programming language that

can serve as an environment for all of the

various languages that each item of equip-

ment in a system may require. To coordi-

nate the development of programs of

each type in the system, such an environ-

ment must allow the user to create (1)

generic definitions of assembly opera-

tions, and (2) definitions of devices in

terms of their generic operations. These
kinds of definitions will configure the

environment for a specific system of

equipment, effectively creating a model
of the system to be programmed. Then,

in systematic accord with the model, a

programming procedure can be designed,

interfacing to the language requirements

of each item of equipment.

All this need be done only once for a

specific system. The resulting procedure

for the system will allow the user to

program the system in a formal and sys-

tematic way that will ensure completeness

of each program. And, even if the re-

sulting "program" will be decomposed into

several individual programs, each in the

language of the item of equipment for

which it is intended, this decomposition
will be invisible to the user. He need
not even be concerned that the system

consists of different components. The
permanent programming procedure will

ensure completeness of the programs and
may be used repeatedly as long as the

physical system remains configured ac-

cording to the model.

The AMPLE system, a programming

language environment developed at NIST,
is intended to solve similar problems in

the area of automated mechanical fab-

rication workstations. If generic opera-

tions for the different areas of electronics

assembly can be defined with sufficient

generality, then AMPLE can be config-

ured to accommodate typical as well as

worst-case programming challenges, and

a programming environment for electron-

ics assembly could be proposed as a

general solution for simplifying program-

ming. If appropriate equipment is pro-

vided, then prototype software modules
can be developed for test and evaluation

of the proposed software environment.

Statistical Process Control

Since SPC has not been in widespread

use in electronics assembly, problems

must now be solved that had no former

need to be acknowledged. New measure-

ment techniques need to be developed for

certain unique assessments of quality. For

example, a nondestructive measurement
of gull wing height (stand-off height

resulting after lead forming of certain

surface mount devices) will require read-

ing a height sensor at the time when
there is an acceptable balance between

an applied force comparable to that of

installation, and an elastic deformation of

the leads. (See Figure 4.) Uniformity of

lead spacing is another example of many
measurement challenges that must be

met. Another unique class of problems

will address statistical assessment of

quality in terms of discrete instead of

continuous characteristics.

Practical applications of SPC procedures

need to be more specifically and system-

atically established, especially in regard to

correlating the quality of end products with

process parameter measurements.
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Specific guidelines for answering the

following questions should be established

for classes of machines with specific

functions.

• What parameters should be measured
(because they have bearing on the

quality of the product)?

• What suggested techniques for measur-

ing the recommended SPC parameters

should be adopted?

• How to correlate measured variables

with the quality of the product so that

practical control limits may be derived?

The following objectives are suggested

for a research project on SPC:

1. Develop recommended techniques for

measuring the parameters that will

need to be monitored. (Verification

that each list of such parameters is

sufficient or complete will be part of

the third objective, below.)

2. Generalize the steps for designing

experiments to maximize process effi-

ciency.

3. Generalize SPC procedures for pro-

cesses within project scope.

4.

Formulate a general approach to plan-

ning the implementation of a new SPC
program in a plant.

Experiments on example equipment
would support the final recommendations
of the project. The result of this re-

search could be a handbook, "SPC Hand-
book for Electronics Assembly."

Approach to Research

Most of the tasks outlined above will

require study of and experimentation with

example assembly equipment. Especially

because of the facility integration issues,

the NIST Automated Manufacturing

Research Facility (AMRF) is an ideal

environment in which to establish a cell

of experimental electronics assembly

workstations. Such a cell could serve as

a testbed for interface standards, pro-

gramming system prototypes and precision

control of manipulators. Equipment
could be outfitted for experiments with

vision systems, SPC and functional versa-

tility.

HDL would also use the work cell to

conduct research other than that men-
tioned in this report. This would provide

an excellent opportunity for HDL person-

nel to benefit from NIST experience with

the AMRF, and gain expertise on ap-

proaches to factory automation research.

The experience at the NIST electronics

assembly cell would be a valuable first

step to the eventual establishment of a

manufacturing sciences laboratory at

HDL to test, certify and promote wide-

spread adoption of new processes.

It is possible to have additional access to

equipment through "microfactories"—the

cooperative operation of contractor-oper-

ated testbeds.

10



There are many options for arrangements to make every effort to investigate the

for getting started with the research possibilities and then proceed to the

suggested here; but it is most important solutions.
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Appendix A:

A Research Plan

The following research plan was written to be essentially independent of this report.

Therefore, for clarity, certain information from the text of the report is repeated in the

research plan.
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Research Plan:

Development of Methodology for Implementing
Statistical Process Control

in Automated Electronics Assembly Plants

Abstract— This research plan is proposed to be a collaborative undertaking between the

Harry Diamond Laboratories and the National Institute of Standards and Technology.

The objective is to find solutions to several research problems which are obstacles to

effectively implementing statistical process control and experimental design methods in

automated electronics assembly plants. Promotion of the results of this research will

allow widespread adoption of advanced quality control practices in industry, and thus

enable the U.S. to take a better position against foreign competition. The final product

of the project will be a published practical guide to implementing the procedures studied.

Introduction

Improving product quality and reducing production costs are essential to maintain a

competitive manufacturing position. Many have attributed the decline in U.S.

competitiveness to our failure to improve the quality/cost characteristics of our products

as quickly as our competitors have. In the face of worldwide competitive pressure,

American business cannot afford to overlook the benefits of advanced quality control

methods. To a significant degree, the competitive edge that Japan has on the

manufacture of quality products is attributable to the use of statistical methods in

quality control^articularly statistical process control (SPC).

SPC is an approach to controlling and improving a process via systematic feedback on
product characteristics and process variables. SPC raises a flag before a process goes

out of control, helping to define problems and ultimately fix them. Through the

elimination of special or assignable causes, and by making changes in the process to

remove common or chronic causes of variation, all processes can benefit from SPC.
Among the benefits are reduced scrap and rework, higher yields, higher quality and

lower inspection costs. But most importantly, SPC provides a baseline measurement
of a process from which operators can detect when and where non-random variations

occur. Once SPC is mastered, a substantial portion of productivity and quality losses

should disappear.
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According to a report^ by the U.S. Office of Naval Research on quality control

practices in Japan, U.S. research emphasizes general results that can be applied to

many situations, while in Japan, research on particular conditions related to particular

products is emphasized. The report recommends that U.S. government agencies that

fund research accelerate their funding of systems research in quality technology generic

to particular industries. Such systems research would make use of a laboratory process

test bed and a team approach involving engineers, computer specialists and statisticians,

and would be oriented toward producing a technology for process design and

optimization.

It is probably well understood by the majority of U.S. manufacturers that SPC should

be implemented in their operations, but it is generally very poorly understood how to

effectively implement SPC on any particular production lines. Research must be done
and practical knowledge disseminated to promote effective use of SPC wherever

possible. The need for better established techniques and guidelines is especially great

in certain specific areas to which SPC has hardly been adopted. Automated assembly

of electronics is a key field in this category. Research to establish practical, effective

SPC procedures in the area of automated assembly of electronics would clearly advance

the competitive position of the U.S. in the world arena of technological productivity.

Background

Unlike SPC, which aims to prevent poor quality by keeping processes within control

limits, traditional quality control efforts emphasize the detection of poor quality in end
products. Statistical quality control (SQC) is a class of methods that ensures the quality

of products, but the means do not necessarily include SPC. Off-line inspection

procedures and sampling plans used in usual SQC practices can not be applied to SPC
because they do not have an interface with assembly process control.

To the small degree that SPC is established in the U.S., it is mainly applied to

fabrication of parts rather than assembly of parts; and also, more to mechanical

products than electronics. Assembly of electronics is obviously a crucial area in the

production of technological goods. Since quality control is a serious problem in

electronics assembly, there is much to be gained through the widespread successful use

of SPC.

Some reasons for the failure of SPC programs include (1) misunderstanding of the

objectives that were intended for statistical control charts; (2) similar approaches and
techniques towards the control of short runs that are only valid for high-volume

production and vice-versa; and (3) lack of suitable techniques providing adequate

interpretation of statistical estimates. A great deal of quality managers, engineers and
inspectors are unaware of the limitations of conventional methods of SPC charting and

^ Bowman, K.O.; Hopp, T.H.; Kacker, R.N.; and Lundegard, R.J. "Statistical Quality

Control Technology in Japan," Scientific Information Bulletin, Department of the Navy Office of

Naval Research Far East (U.S.), 15(1): 57-73; Jan-Mar 1990.
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the likelihood of erroneous data representation and interpretation. Classification,

terminology and definitions in the area of SPC applied to electronics assembly

operations are still very obscure. These are problems encountered by personnel who
have implemented some sort of SPC system; however, it is much more common that an
SPC program is desired, but never begun because of more basic problems such as what
factors to monitor, how to measure them, how to determine meaningful control limits,

etc.

Many SPC training and educational programs are dedicated only to basic statistical

procedures, not to assembly-related statistical knowledge. But implementation problems
are not due as much to a lack of understanding quality control statistics as they are to

understanding how to use them effectively. There is a very clear need for practical

guidelines which are specific to electronics assembly.

There is a further need to optimize processes before SPC is implemented, so that the

need for process corrections is minimized. Experimental design is a technique of

actively varying the parameters affecting a process, to determine interactions between
variables. Once such relationships are understood, process efficiency may be maximized
by manipulating the controllable factors. Therefore, this project proposal addresses

process optimization problems as well as SPC problems.

Uniqueness of Problems

Since SPC has not been in widespread use in electronics assembly, problems must now
be solved that had no former need to be acknowledged. New measurement techniques

need to be developed for certain unique assessments of quality. For example, a

nondestructive measurement of gull wing height (stand-off height resulting after lead

forming of certain surface mount devices) will require reading a height sensor at the

time when there is an acceptable balance between an applied force comparable to that

of installation, and an elastic deformation of the leads. (See Figure 1 in the

accompanying report.) Uniformity of lead spacing is another example of many
measurement challenges that must be met. Another unique class of problems will

address statistical assessment of quality in terms of discrete instead of continuous

characteristics.

The problems that need to be solved deal mainly with measurement and evaluation

procedures, areas in which the National Institute of Standards and Technology is espe-

cially qualified. Although the benefit of solving the prevalent problems is obvious, the

individual industries in the position to benefit are not in the position to fund and

conduct research or to establish standard guidelines with applicability extending beyond

their immediate concerns. It is appropriate, then, for the benefit of national productiv-

ity, that government agencies support the required research.
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Project Objectives

This project will develop practical guidelines for implementation of SPC in electronics

assembly plants. The end objective is to publish a guide that contains specific

procedures for specific types of equipment and operations involved in automated

assembly of electronics.

The means of accomplishing the objectives of the project will include industry

cooperation with "microfactories," and research agreements with universities. The
microfactory concept is an arrangement with private companies to use certain of their

production facilities to conduct research and development experiments. When a

company provides access to a microfactory, even though normal operations will be

disrupted somewhat, the inconvenience should be offset by the eventual benefit that

will result from the research program.

Following is a list of project objectives. Each objective pertains to each major type of

process involved in electronics assembly. (Examples of processes are component
insertion, lead cutting and clinching, lead tinning, wave soldering, vapor phase

soldering, wire bonding, and the various types of solder-joint inspection.)

1. Develop recommended techniques for measuring the parameters that will need to

be monitored. Describe appropriate methods of data collection and representation.

2. Generalize the steps for designing experiments to maximize process efficiency.

A process must have the potential to produce high-quality results before SPC is

implemented. While SPC may be used to keep a process under control, it does not

engineer quality into the process. Statistical experimental design methods are

extremely useful in the characterization, control, and optimization of industrial

processes. Using approximation models that empirically describe a system’s

behavior, experimental designs can be used to improve quality by helping to design

or adjust the assembly process. They determine where the controllable variables

of a process should be set so that the quality characteristic (see Figure 2 in the

accompanying report) is centered at the nominal dimension and has minimum
variability from product to product, regardless of the levels taken on by the

uncontrollable input variables. This would produce a process design that is robust

to external or uncontrollable sources of variation.

Two specific techniques of process optimization have been widely used effectively:

response surface methods and Taguchi methods (although in certain cases other

methods may be simpler and more efficient). The application of these techniques

to the cases of concern for this project will be studied and the steps generalized.

3. Generalize SPC procedures for processes within project scope. Included will be
explanations of how to accomplish the following tasks.

A. Mathematically define and statistically quantify process capability. The extent

of capability studies must be decided in advance.
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B. Perform the fundamental physical modeling of the processes. Specify all the

parameters which are involved, and note those which will need to be moni-
tored. Identify the key areas of process output—i.e., measures of quality—for

each major type of process. Define quality losses in terms of variables

(continuous quantities such as temperature or weight) and attributes (discrete

characteristics such as an open or closed circuit). Develop methods for calcu-

lating and analyzing quality losses, including the ability to accurately estimate

the current quality status and to predict changes. Procedures should detect

sources and types of product variation. Decide on rational sub-grouping of

all observations.

A special challenge in modeling electronics assembly processes will be the

treatment of attributes. Since most types of processes for which SPC has

been successfully implemented involve more variables and fewer attributes

than many electronics assembly processes, principles of statistical control by

attributes have not been well developed.

C. Decide the most effective techniques of data reduction and error analysis,

including correlation, regression and mathematical modeling. Select the

appropriate statistical techniques for short and long production runs. Include

in the steps for data analysis a forecast capable of determining the time and

sample size for the next inspection. Calculate the values of control limits and

construct control charts. Provide means to signal the time to stop production

and indicate possible corrective actions.

Specify requirements of analysis software needed in the SPC system, including

statistical techniques and functional requirements. Manual charting cannot

compete with a dedicated software program which contains a set of all the

necessary statistical tests and estimates and is capable of automatic data reduc-

tion and modeling.

4. Formulate a general approach to planning the implementation of a new SPC
program in a plant. Guidelines will be developed for a plant to plan (1) stages

of gradual implementation from simple procedures to increasing levels of sophis-

tication; (2) how to balance available human and financial resources carefully to

match the scope of the SPC program and the anticipated results; and (3) what kind

of training personnel must undergo.

Sequence of Project Milestones

1. Develop descriptive list of processes and equipment to be addressed.

2. Establish microfactory agreements with industry,

3. Establish research agreements with universities.
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4. Develop measurement techniques and data collection procedures.

5. Using experimental design, optimize processes on each microfactory facility.

Generalize the steps for all the processes of interest.

6. Outline the steps to define process capability.

7. Determine recommended modeling techniques; apply to microfactories.

8. Develop data analysis and software recommendations.

9. Develop a general implementation plan for assembly plants.

10.

Publish a guide summarizing all recommendations.

Resources Required

1. Project Personnel Requirements (total; 12 man-years)

(1) Senior Level Computer Scientist

(1) Mechanical Engineer

(1) Senior Level Electronics Engineer

(1) Electronics Technician

(1) Senior Level Research Statistician

(1) Statistics Assistant

2. University Support

(1) Graduate Student (Statistics)

(1) Graduate Student (Systems Engineering)

3. Industry Support

(2) Microfactory Attendants, one at each site (one-fifth time)

(4) Advisory Panelists, including Quality Control Specialists

4. Equipment Needed

• Two microfactory facilities of diverse types
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• Computer and instrumentation equipment for each microfactory site

• Computer equipment for data analysis

• Analysis software (several packages for experimentation)
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Appendix B:
PLANTS INVESTIGATED

Plant A: A $60 million fully automated and computer-integrated facility for low-

volume, high-mix SMT assembly (40,000 types of components; 200 compo-
nents per circuit board assembly; 1000 types of circuit board assemblies;

50,000 assemblies per year).

Plant B: An experimental prototype low-volume, high-mix SMT facility completed in

November 1987 and subsequently dismantled. An elaborate study to develop

an integrated conceptual plan for the full range of electronics assembly

operations preceded this prototype facility, which was constructed to validate

some of the concepts developed in the study.

Plant C: A plant for a large computer manufacturer, although this particular plant

produces electronics assemblies only for products other than computers.

Plant D: A plant for a large diversified commercial manufacturer. In addition to other

products, this plant makes SMT assemblies for other major electronics

products manufacturers. Flat packs with leads spaced on 25-mil centers are

typical. There is prominent use of automation. For the most part, a pro-

duction run of any particular board involves a minimum of 60,000 placements

(of components); but there are also special rooms dedicated to low-volume

work and prototypes.

Plant E: A plant for a large diversified commercial manufacturer. This particular

plant is a small operation compared to others the company has. In addition

to commercial products, it also works on small military contracts for high-

volume manufacture of electronics products. Most processes are automated,

loading and SPC measurements being exceptions.

Plant F: A facility currently under construction, to produce printed wiring assemblies

containing through-hole and/or SMT components. Average lot size will be

five, and throughput will be 15,000 assemblies per year. The special feature

of the system will be its acceptance of PDES data files as input. Otherwise,

there will be no research; advanced performance capability will be achieved

with commercial equipment and applications packages. Completion is ex-

pected by mid-1990.

Plant G: An experimental prototype facility for the assembly of through-hole

components onto printed circuit boards. The facility was completed in May
1987, and was subsequently dismantled. It was designed for fast production

of parts on demand, in lot sizes as small as one.

Plant H: A large private operation dedicated to military contracts—especially electronic

systems research, development and production. Printed circuit assembly
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facilities feature a wide range of capabilities, including automatic insertion

of 8- through 24-lead DIP integrated circuits into printed circuit boards and

planar arrays; numerically controlled multiple fixturing and cut-and-clinch

machines; automatic back panel wiring; robotic pick-and-place machines; and
electro-optical systems assembly and test. Flexible circuits and integrated

multilayer/flexible cable boards are also produced. Wave and vapor phase

soldering techniques are used.

Plant J: An automated computer-integrated robot-based facility designed for the broad

mix, small lot size and high change rate of defense electronics products.

Serving as production support for Plant H, this plant is set up especially to

assemble, solder, inspect and test two different types of assemblies: high-

density printed circuit boards with flat-pack SMT components (100 compo-
nents per side, 9000 interconnections on a board); and the other boards with

through-hole components. It does not produce boards that combine both

through-hole and surface mount technology.

Plant K: A detailed theoretical model of an electronics assembly plant, resulting from

a study conducted under a Tri-Services program that concluded in 1984.

22



References

Bandy, H.T.; Carew, V.E., Jr.; and Boudreaux, J.C. An AMPLE Version 0.1 Prototype:

The HWS Implementation, National Bureau of Standards (U.S.) NBSIR 88-3770;

1988 April. 70 pages.

Berger, R.W.; and Hart, T. Statistical Process Control—A Guide for Implementation,

New York, NY: Marcel Dekker; 1986. 71 pages.

Birman, S. "SPC Will Work If:," Modem Machine Shop, 1989 May. 68-90.

Bowman, K.O.; Hopp, T.H.; Kacker, R.N.; and Lundegard, R.J. "Statistical Quality

Control Technology in Japan," Scientific Information Bulletin, Department of the

Navy Office of Naval Research Far East (U.S.), 15(1): 57-73; Jan-Mar 1990.

Facilities and Capabilities, Westinghouse Electric Corporation Defense and Electronics

Center, Baltimore MD; 1987 August.

Final Report: Flexible Automated Manufacturing in Electronics, American Cimflex

Corporation, Pittsburgh PA; 1986 June.

Jones, A. "A New Approach to Production Scheduling," Navy Manufacturing

Technology Program Report; 1987 June. Page 6.

Jones, B. "Beyond SPC: Designed Experiments for Quality Improvement," Quality,

1987 December.

McCallister, J.P. (Arthur D. Little Program Systems Management Company)
Application of the RAMP Concept to the Manufacture of Printed Wiring Assemblies,

conference paper, Engineering for Electronics Design and Production Symposium;
1989 June.

Mehler, M. "Westinghouse Can Be Sure of its Place in CIM History," Electronic

Business; 1987 February.

Robinson, A.C.; and Soltesz, C.R. (Battelle’s Columbus Laboratories) Manufacturing
Methods and Technology for Electronics Computer Aided Manufacturing—Task 4,

Volume I, U.S. Army Missile Command; 1984 February.

Rybczynski, F. An Interface Specification to Link Hybrid Microcircuit Manufacturing
Equipment with Equipment Controllers, Version 0.1, National Institute of Standards
and Technology (U.S.) informal draft; 1989 March. 18 pages.

23



Scott, M.A. The Operation and Management of the Circuit Card Assembly and
Processing System (CCAPS), Naval Weapons Center, China Lake CA; 1985.

Taylor, J.R. Quality Control Systems—Procedures for Planning Quality Programs,

McGraw-Hill; 1989. 498 pages.

24



Glossary

assignable cause— A process factor which contributes to variation in a product

characteristic, and which is feasible to detect and identify.

attribute— A "go or no-go" observation; a characteristic which is appraised in terms of

whether it meets or does not meet a given requirement. For example, a feature

may be either present or absent; or a unit may be either effective or defective.

bonding— The forming of an interconnection on the surface of a bare semiconductor

chip, or an interconnection between the wire leading from such a chip and a

mounting pad on a board; generally referring to the thermal compression or

ultrasonic bonding process in chip-and-wire hybrids.

bonding pad— A relatively large metallic area at the edge of an integrated-circuit chip.

This area is connected through a thin metallic strip to some specific circuit point

to which an external connection is to be made.

capability— (Not a preferred term; see process capability.)

chip— 1. (In reference to a resistor or capacitor:) A leadless component having a small,

ceramic substrate as a base, thus distinguished from through-hole components. 2.

(In reference to integrated circuits:) A single substrate on which all the active and

passive circuit elements have been fabricated in situ using one or all of the

semiconductor techniques of diffusion, passivation, masking, photoresist, and

epitaxial growth.

common causes— Random sources of process variations, which cannot be altered

without changing the basic process itself.

component— The preferred term for a discrete electrical element such as a resistor,

capacitor, transistor, etc.

component carriers— Leaded or leadless packaging of electronic components, having

input and output terminals around the perimeter.

conformal coat— A coating that completely covers a printed circuit board to protect the

board and its components from voltage breakdowns, corrosive gases, corrosive

chemicals, solvent damage, electrical failure, micro-organisms, physical abuse and
other detrimental effects.

control chart— A graphic record on which are plotted statistical measures obtained

from successive or sequential samples of products or services, used to evaluate

whether a process is in a state of statistical control.

control limits— The limits on a control chart between which the statistical measures
obtained from a sample will lie when the process is in a state of statistical control.



DIP (Dual In-line Package)— An insertion-mountab\e package having a row of extended

I/O pins on two opposing sides. The extended pins are typically mounted through

a hole in a printed wiring board. DIPs are generally used to package integrated

circuits.

experimental design— A systematic approach to determining cause-and-effect

relationships between controllable process factors and measures of output perfor-

mance. With an understanding of how to actively manipulate the factors, process

performance may be optimized.

factor (statistical sense)— A variable characteristic or condition which is likely to affect

the response of a process.

flat pack— 1. A flat, rectangular integrated-circuit or hybrid-circuit package with a row
of coplanar ribbon wire leads extending from each long side. 2. A semiconductor

network encapsulated in a thin, rectangular package, with the necessary connecting

leads projecting from two or four edges of the unit. Both styles of flat packs are

designed for gull wing lead forming for surface mounting.

gull wing— A lead form where leads exit the sides of a package body from a plane near

the center of the part, turn downward to just below the body, then turn outward

to form feet for reflow solder mounting. The appearance of such a lead resembles

a gull’s wing bent downward in flight.

high density— (referring to electronic circuits) Having significantly more circuitry per

unit area than more common boards or packages. This implies the use of packages

with high lead counts, and consequently fine lead pitch (center-to-center spacing

of i 25 mils).

insertion— Placement of a component on a board in the position where it is to be

soldered or otherwise bonded.

interface— A boundary between two devices, functions, or combinations of devices and

functions, which provides (mediates) interactions between the entities on either

side. An interface specification must cover both physical and software consider-

ations.

lead— A small conducting post extending from a component, forming an interconnect

facility when inserted in or on a printed wiring board.

microfactory— A subset of production facilities within a factory to which access is

provided for the conduct of research by an outside organization.

mounting pad— A metallized site for attachment of either a lead of a component or a

conductor of a leadless component.
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off-line programming— The process of developing instructions for an item of

equipment without the need to interfere with productive operation of the

equipment. Normal productive operation unrelated to the programming task could

take place even during programming. Compare with the definition of teach

programming.

overhang (of a lead)— The portion of a lead, e.g., a gull wing, which extends beyond

its mating mounting pad.

package— Housing containing integrated circuits, using any of the various mounting

technologies: through-hole, (e.g., DIPs), surface mount (e.g., plastic leaded-chip

carriers, small-outline integrated circuits or fine-pitch devices such as quad flat

packs), tape-automated bonding, chip-on-board package, etc.

PDES— Product Data Exchange using STEP (Standard for The Exchange of Product

model data), being developed by a voluntary standards group with industry-wide

participation. PDES data exchange will permit communication among dissimilar

computer-aided design and computer-aided manufacturing systems, numerical

control machines, finite element methods, etc., and will include product life cycle

application data, assemblies, user-defined data, and information on constraints and

dependencies.

pick-and-place machine— An automated or semiautomated machine used for picking

SMT components from specified delivery mechanisms and placing them at

programmed locations on a printed wiring assembly. A robot which can perform

pick-and-place tasks differs from a pick-and-place machine in that it can be

programmed to perform certain other types of tasks as well.

process capability— The limits of inherent variability that may be expected from a

production process working at the settings, speeds, materials inputs, and other

operating arrangements specified.

quality characteristic— A quantitative measure of the properties of a product or

service that bear on its ability to satisfy given needs.

quality loss— A decrease in the potential value of the quality characteristic of a

process.

rational sub-grouping— Classification of observations into small groups within which

it is believed that assignable causes are constant and into which observations can

be subdivided in the carrying out of certain methods of statistical analysis.

regression— The procedure of determining estimates of coefficients in a mathematical

model and determining their relative importance in quantifying the total variation

in the response variable.
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response (of a process)— The output of a process in terms of characteristics of the end
product.

response surface— An empirically-based representation of the expected response of a

process at particular combinations of factors. This is a means to determine the

factor levels that give optimum response.

state of statistical control— A state of a process wherein the variations among the

observed sampling results from the process can be attributed to a constant system

of chance causes.

statistical process control (SPC)— An approach to monitoring processes and

controlling key variables to ensure that measures of output quality are within

acceptable limits.

statistical quality control— The part of quality control procedures—i.e., operational

techniques and activities used to satisfy quality requirements—in which statistical

techniques are used.

surface mount technology (SMT)— The technology of planar assembly (as opposed to

through-hole or c/izp-and-wire mounting) of electronic components onto printed

circuit boards, or onto hybrid printed interconnect substrates. SMT differs from

conventional through-hole technology in that the components do not have leads

intended to extend into holes drilled in the printed circuit board; rather, the leads,

if any, are to be bonded to the mounting pads on the board surface.

Taguchi methods— A specific set of statistical methods to design quality into processes.

teach programming— The process of developing instructions for a item of equipment
by taking it through the actual procedure of the task to be programmed, and

recording each step.

vapor phase soldering— A method of using a vapor blanket above a boiling fluid to

heat up parts to be joined, and melt previously applied solder to form bonds on
a circuit assembly.

variable— A representation of a value with possibilities along a continuous scale, such

as weight in pounds, resistance in ohms or moisture content in percent. This

usage of the term variable is in contrast to the term attribute.

wave soldering— A method of moving a board across a wave of molten solder,

momentarily immersing the underside so that leads extending through holes in the

board from components on the top side, as well as SMT components glued to the

underside, are simultaneously soldered to the board.
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